(1) Early forest regeneration in southern Appalachian hardwood forests is dominated by the woody nitrogen-fixing legume, black locust (Robinia pseudo-acacia). Although it grows most prevalently on clear-felled areas, abandoned pastures, or disturbed roadsides, it may have historically been an important colonizer of burned sites. Although it commonly reproduces from seed germination, sprouting from stumps and roots is its most prevalent means of regeneration. Early sprout growth is rapid, attaining heights up to 8 m in 3 years.
INTRODUCTION
In North America, early stages of plant succession are frequently dominated by symbiotic nitrogen-fixing species. A majority of the perennial nitrogen-fixing species fill similar successional niches throughout a broad spectrum of alpine, boreal, temperate and tropical ecosystems. Colonization of river bars, landslide debris, or sand dunes by these species is an important ecological mechanism for the accumulation of nitrogen and organic matter standing stocks (Walker 1965) . Many symbiotic nitrogen-fixing species are important in early primary successional seres, such as Dryas drummondii (Lawrence et al. 1967) , Coriaria spp. (Stewart 1977) , and Alnus incana (Van Cleve, Viereck & Schlentner 1971) 
SITE SELECTION AND DESCRIPTION
The study sites are located at the United States Forest Service's Coweeta Hydrologic Laboratory near Franklin, North Carolina. The Coweeta Basin (35 °N, 83 °W) is located in the Nantahala Mountains, part of the Blue Ridge province of the southern Appalachian mountains. The mean annual temperature is 13 °C and the mean annual precipitation is 1810 mm, with the rainfall distributed fairly evenly throughout the year (Day 1974) .
Three sites were chosen, representing 4, 17 and 38 years following clearfelling. Black locust was present in dense stands which were patchily distributed throughout the study sites. Care was taken to select sites that were as homogenous as possible in soil type, altitude, aspect, and felling history. All three sites were located adjacent to forests classified as chestnut-oak (Castanea dentata-Quercus spp.) forests (Whittaker 1956) , and more recently classified within the Coweeta Basin as the community dominated by Quercus prinus (D. L. Phillips, unpublished); both are equivalent to the chestnut-oak (Q. prinus) forest cover type described in Eyre (1980) . (Species nomenclature follows Radford, Ahles & Bell 1968) . The aspects are east to northeast, and the altitudes have a range of only 850-1067 m out of a total range of 675-1592 m for the Coweeta Basin (Table 1 ). The soils are in the Chandler series, a member of the coarse-loamy, micaceous, mesic family of Typic Dystrochrepts (USDA-Forest Service, unpublished). Regeneration of the 17 and 38-year-old stands followed clearfelling of all stems greater than 2-5 cm dbh, with no log removal from the areas chosen for study sites. The clearfelling operation of the 4-year-old site consisted of removing the merchantable timber by cable and then felling all stems over 2-5 cm dbh. All debris was left on site with no burning or further treatment.
Data from these successional stands are compared with biomass, net primary production and nitrogen content of an uneven-aged mixed oak (primarily Q. prinus} forest located on an adjacent Coweeta watershed of similar altitude. Detailed ecosystem studies were conducted in this forest in conjunction with the International Biological Programme, and this information is reported elsewhere (Cromack 1973'; Day & Monk 1974 , 1977a Mitchell, Waide & Todd 1975; McGinty 1976) .
METHODS

Biomass and litter
To quantify biomass and litter standing crops, eight plots (each 10 x 10m) were located in black locust stands on each of the three sites. In each plot, the dbh and identification of all individuals over 2-5 cm dbh were recorded. Regression equations based on dbh were used to estimate leaf and wood biomass for each plot (Whittaker & Woodwell 1968) . Root collar, and large lateral root biomass were estimated using a ratio of below-ground to above-ground biomass (McGinty 1976) .
752
Role of black locust in forest succession
For biomass estimation in the 4-year-old stand, regression equations were fitted to predict leaf and stem (including wood, bark and branch) biomass for eleven species using basal diameter (at 3 cm or 40 cm above ground level) as an independent variable (Table 2) . Data for these equations were collected by destructively sampling 123 sprouts ranging from 1 to 3 years old. For the 17-year-old stand, similar equations were fitted for Robinia pseudo-acacia, Liriodendron tulipifera, and other hardwood species (Table 3) , using data from eight destructively sampled black locusts, and data reported for other species from similar previous Coweeta and Great Smoky Mountain studies (Sollins & Anderson 1971) . For the 38-year-old stand, equations developed by Sollins (1972) were used for all species (Table 3) . 
Rhododendron maximum
Robinia pseudo-acacia * The equations used for each species are of the form \og lo y = a + b log, 0 x, where y = oven dry weight (g), and A' = diameter (cm) at 3 cm or 40 cm above ground level. For fine root (less than 2-5 cm diameter) biomass estimates, six black locust plots were randomly selected from each site for sampling in November 1980. Within each plot, an aluminium cylinder 12 cm in diameter was driven into the ground to extract a core from each of the five randomly-selected 1-m 2 sub-plots. The samples were separated into 0-15 cm and 15-30 cm depths, refrigerated within 24 h, and the roots were separated from the soil within a week by washing on a 1 mm mesh screen. The roots were sorted into smaller than 5 mm and 5-25 mm diameter size classes, and into live or dead roots on the basis of colour and texture. Uncertain roots were included as live. The roots were then oven-dried at 70 °C to constant weight and weighed.
Forest floor standing crop was collected in September 1980 from above the A, soil horizon and separated into leaf and wood fractions above and below 2-5 cm diameter. Leaf and wood material less than 2-5 cm in diameter were collected in two 1-m 2 sub-plots from each of four plots at each site. The woody litter greater than 2-5 cm diameter was sampled in one 4-m 2 sub-plot per plot. All logs and branches were measured by diameter and length, and a disc subsample was removed from each for volume:weight ratios.
Herbaceous biomass was sampled in late August 1980, the approximate season of peak standing crop of Rubus spp. on the 4-year-old site. All above-ground herbaceous biomass was destructively sampled in two 1-m 2 sub-plots from each plot of each age. The material was sorted into species, and Rubus spp. biomass was further divided into the current and the previous year's shoots. All samples were oven dried at 70 °C to constant weight and weighed.
An estimate of above-ground annual net primary production (NPP) was calculated for the 4-year-old stand by subtracting wood biomass estimates from the 3-year-old stand, and adding the leaf and herbaceous biomass. Net primary production for the 17-year-old stand was calculated by subtracting the 4-year-old wood biomass from the 17-year-old wood biomass, dividing by the difference in age (13 years), and then adding the leaf and herbaceous biomass. Net primary production for the 38-year-old stand was calculated similarly. No estimates of insect consumption or tree mortality were available to adjust NPP.
Nitrogen
Total nitrogen was analysed separately in leaf, wood, and twig tissue of seven woody species, and the above-ground whole-plant tissue for four herbaceous species. August was chosen as the sampling month, because nutrient concentrations are relatively stable then (Day & Monk 1977b) . Leaf and twig tissues were randomly sub-sampled from tree crowns with a shotgun, and three individual samples were pooled into each of three replicate analyses. Wood and bark were sampled together -with an increment borer, and samples from three to four individuals were pooled into each of 3 replicate analyses for each species. Of the seven woody species, four dominants were sampled from all three stands. Roots less than 2-5 cm diameter were subsampled for nitrogen analysis from the November biomass collections. From stands of each age, three or four replicates were subsampled from live and dead roots of both size classes.
The tissue samples were oven-dried, ground in a Wiley mill through a 425 //m mesh screen, and mixed thoroughly. The total nitrogen content was determined on a Coleman Micro-Dumas nitrogen analyser (Perkin Elmer Corporation, Oak Brook, Illinois) using orchard leaf standards for quality control (Bremner 1965) .
For leaf litter nitrogen analysis, 400-800 g of all samples were subsampled and prepared for analysis similar to the plant tissue (n = 8 for each stand). Woody litter was subsampled by removing cross-sectional discs from all biomass samples, chipping the discs into fragments, pooling by plot, and further preparing the samples as described above (n = 4 for each size category in each age stand). Total nitrogen was determined using orchard leaf standards, a Kjeldahl digestion and colorimetric detection on a Technican Auto-Analyser (Technicon 1977) . p Soil was sampled from four randomly-selected plots from within each of the 4, 17, and L «> 38-year-old stands and a similar site in an adjacent uneven-aged mixed oak stand. Also, BO' I" samples were collected in identically-aged hardwood stands outside of the black locust H Sl stands on each clearfelled site for comparison purposes. Each sample in a plot consisted of Nod four to six subsamples from 0-15 cm and 15-30 cm depths which were composited and >i.'i well mixed. Each 20 g field-moist sample was added to 20 ml of deionized water, and Tola analysed for NO 3 -N using an ion specific electrode (Orion Research, Cambridge, ,.,'.!; Massachusetts) (Carlson & Keeney 1971) . Analysis of NH 4 -N was not completed due to a < : :
5 refrigeration problem. The samples were oven dried at 50 °C and sieved through a 1 mm 0-5' mesh. Total nitrogen was determined using Kjeldahl digestion and an Auto-Analyser as .d etailed above. Organic matter was determined by the Walkley-Black technique (Allison soil i 1975) . Bulk density was determined by driving a 12 cm diameter cylinder to each sample ''"f 1 depth, and calculating the soil oven-dry weight to total core volume ratio. Stones greater * i than 2 mm diameter and all roots were sieved from the sample prior to weighing.
| £ The nitrogen content of the plant biomass was determined by multiplying the nitrogen 1, F tissue concentration for each species by standing stock biomass for the tissue. The stem t+ core nitrogen concentrations were used to calculate both the bole and branch nitrogen standing stocks. For species not sampled, nitrogen concentrations were taken from Boring, , Monk & Swank (1981) and Day & Monk (1977b) . Litter nitrogen standing stocks were calculated similarly, by multiplying nitrogen concentration by biomass for each plot, and calculating the mean. Soil nitrogen pools were calculated by first using bulk density to compute soil mass (ha" 1 ) for each depth (0-15 cm, 15-30 cm), and then multiplying by the percentage of nitrogen to estimate the soil N (in kg ha~'). Comparative data for nitrogen standing stocks in all ecosystem compartments of an uneven-aged mixed oak forest at Coweeta were utilized from the numerous studies conducted with the International Biological Programme on the adjacent watershed (Cromack 1973; Day & Monk 1974 , 1977a Mitchell, Waide & Todd 1975; McGinty 1976) .
Estimates of net annual nitrogen accretion were calculated by subtracting the total nitrogen standing stock in the control mixed oak forest from the total nitrogen standing stock in each stand and dividing by their respective ages.
RESULTS
Biomass and litter standing crop
The distribution of plant biomass in the 4, 17 and 38-year-old stands is shown in Table  4 . The total standing crop biomass ranged from 33 t ha" 1 at age 4 year to 399 t ha" 1 at age 38, in comparison to 193 t ha"" 1 for the uneven-aged, mixed oak forest. In ascending order of the age of the stands, combined bole and branch biomass was 43%, 79% and 81% of the total biomass.
By ascending age of the black locust stands, the fine root biomass was 22%, 3% and 3% of total plant biomass, and total root biomass comprised 33%, 18% and 18% of the total. Nodule biomass was highest in the 17-year-old stand, intermediate in the 4-year-old stand and was lowest in the 38-year-old stand. Although herbaceous biomass comprised 17% of the above-ground biomass in the 4-year-old stand (mostly Rubus spp.), it comprised an insignificant proportion in the two older stands. In the 4-year-old stand, much of the root biomass less than 2-5 cm diameter was presumed to be herbaceous, based upon the high above-ground herb biomass and the low biomass of roots greater than 2-5 cm diameter.
Total woody litter in the 4-year-old stand was 117 t ha" 1 (Table 4) , in comparison to the total wood biomass of 134 t ha" 1 of the adjacent, uneven-aged oak forest. This equalled logging residues minus bole removal and decomposition. Total woody litter was lower in the 38-year-old stand than in the 4 and 17-year-old stands, but was similar to the values reported for the mixed oak forest. In the 4 and 17-year-old stands, woody litter was dominated by the greater than 2-5 cm diameter fraction, due to the tree boles and branches left on the site following clearfelling. Leaf litter in all black locust stands was greater than the standing crop in the older, uneven-aged oak forest.
Nitrogen accretion
Soil analyses (Table 5 ) revealed significant differences between the clearcut stands (4, 17 and 38-year-old stands) and the older, uneven-aged oak stand for total Kjeldahl nitrogen, organic matter, and NO 3 (Duncan's multiple range test, P < 0-05). Among different ages of black locust and paired hardwood stands, there were no significant differences (P < 0-05) in the concentrations of organic matter or total nitrogen, but NO 3 concentrations were higher (P < 0-01) in the 17-year-old stands than the other ages. Among all stands, the 0-15 cm depths had greater (P < 0-05) concentrations of total nitrogen, organic matter and NO 3 than the 15-30 cm depths. The pooled comparison between all black locust and paired hardwood stands of the same ages revealed that black locust stands had significantly higher (P < 0-05) concentrations of total nitrogen, organic matter and NO 3 for the 0-15 cm depth. (Table 5 ) revealed high total nitrogen and organic matter variances, presumably due to soil hererogeneity from the clearfelling. The 1-way analysis of variance within each age stand revealed that only the 38-year-old black locust stand (at both soil depths) had significantly higher concentrations of total nitrogen and organic matter than its paired 38-year-old hardwood stand. Using the same 1-way analysis of variance, concentrations of NO 3 -N were significantly different (P < 0-10) between black locust and hardwood stands for all ages in the 0-15 cm depth. For the 15-30 cm depth, only the 38-year-old stand had higher NO 3 . Across all black locust stands, the 17-year-old stand had the highest NO 3 -N among all three ages in the 0-15 cm depth, although there were no significant differences for concentrations of organic matter and total nitrogen.
The analysis of variance for total nitrogen concentration in plant tissues indicated that black locust had the highest concentrations (P < 0-05) in leaves, stems and twigs, except for Cornus florida stems in the 38-year-old stand (Table 6 ). For most tissues, Liriodendron tulipifera ranked second in total nitrogen, and in the 38-year-old stands Cornus florida also had high nitrogen concentrations in leaf and wood. Quercus rubra also had a high concentration of nitrogen in leaves. The herbaceous vegetation in the 17-year-old stand had higher nitrogen concentrations than the woody species.
In comparison to the uneven-aged mixed oak forest, net accumulations of nitrogen (Table 4) in the 4, 17 and 38-year-old stands were, respectively, 191 kg ha~', 1272 kg ha" 1 and 1231 kg ha" 1 greater. By dividing the age of each stand into these values we estimated average net annual accretions of 48 kg ha" 1 , 75 kg ha" 1 and 33 kg ha" 1 , respectively. Figure 1 summarizes the relative importance of soil, plant biomass and litter nitrogen pools for all stands. In the uneven-aged oak forest, the standing stocks were 80%, 17% and 3% of the total, respectively. In the 4, 17 and 38-year-old black locust stands, nitrogen standing stocks in plant biomass were 8%, 22% and 41%, respectively, of total stand nitrogen. The soil nitrogen was relatively greater in the 4-year-old stands (82%), but decreased with age to 72% and 55% for 17 and 38-year-old stands, respectively. Forest floor nitrogen was relatively high 4 years after clearfelling, with 10% of the total stand nitrogen, but decreased to 6% and 4% in the 17 and 38-year-old stands.
DISCUSSION
Life history of black locust
In mature or unmanaged mixed oak forests of the southern Appalachians, black locust is usually present, but with low density and basal area. Prior to the chestnut blight in 1934, this species comprised 2% of the basal area in a low altitude hardwood forest at Coweeta (Swank & Helvey 1970) . Most recent vegetation studies on north-and south-facing, uneven-aged mixed oak watersheds reveal that since 1934, black locust had shown only slight increases following the chestnut blight in 1941 (Nelson 1955; Day 1971; Boring, Monk & Swank 1981) .
Two years following the clearfelling of a hardwood-forested watershed, black locust dominated regeneration of the Quercus prinus community with 26% of the biomass (Table  7) . It was a major component of the Quercus coccinea-Pinus rigida community (11% biomass), and regenerated in low density and biomass in the cove hardwood community.
Following clearfelling, black locust sprouts quickly from roots and stumps and grows faster than the other species for 10-20 years. Similar establishment patterns have been documented throughout the southern Appalachian region (Beck & McGee 1974; McGee & Hooper 1975) . Our results show that 3-year-old sprouts may reach maximum sizes of 7-5 cm basal diameter and 8 m tall. However, the dense stands eventually decrease in vigour and have high mortality resulting from the locust stem borer (Megacyllene robiniae Forster).
Black locust stands growing on sites with low soil nutrients and moisture have greater locust stem borer infestation and higher mortality than those on mesic, nutrient-rich sites 760 Role of black locust in forest succession (Craighead 1937; Berry 1945) . On both types of site, black locust density decreases with age (although at different rates) as less fit individuals are eliminated from the overstorey and are replaced by longer-lived and more shade tolerant species. This may be an important successional mechanism that releases codominant species such as Liriodendron tulipifera, and opens gaps in the canopy to promote growth in the understorey by longer-lived individuals such as hickories (Carya spp.) and oaks (Quercus spp.). Thus, the dominance of black locust is short-lived, but it results in increased nitrogen accumulation and early canopy gap formation, conditions which may facilitate forest growth and successional species replacement.
Biomass and litter standing crop
Above-ground biomass in the 4-year-old black locust stands was similar to reported values for Prunus pensylvanica and tended to exceed mixed hardwood biomass for similar aged stands (Table 8) . Older stands had similar biomass to successional, nitrogen-fixing Alnus rubra, and Liriodendron tulipifera (which does not fix nitrogen), but exceeded the short-lived Prunus pensylvanica, another species which does not fix nitrogen. These findings probably represent the upper range of biomass for black locust, since sites with low soil nutrients and moisture would likely have resulted in slower growth rates and earlier senescence.
Total biomass of the 38-year-old stand was more than double the estimate for the adjacent uneven-aged oak forest (Table 8) . Total stand density and basal area were also higher in the 17 and 38-year-old stands than in the uneven-aged oak forest ( Table 9 ). The forest is representative of the older, uneven-aged mixed oak forests in the southern Appalachians, but it is not an old-growth, steady-state forest. There was selection felling before 1930, and the chestnut blight subsequently removed a larger quantity of chestnut biomass throughout the Coweeta Basin (Day & Monk 1974) . The product of these two disturbances was patches of young, rapidly-growing stands among residual trees which had short or crooked growth forms, low vigour, and low biomass. Whittaker (1966) reported the biomass estimate of 420 t ha" 1 for a relatively undisturbed Quercus prinus forest in the adjacent Great Smoky Mountains, and even higher biomasses for cove forests (Aesculus octandra, Tilia heterophylla). In view of these results, we infer that the successional stands in this study will continue to accumulate biomass at a reduced rate well beyond the senescence of black locust.
Comparison of black locust above-ground average annual NPP estimates with the uneven-aged mixed oak forest indicates that the black locust stands had considerably higher NPP, although a 28-year-old Liriodendron tulipifera stand in the nearby Great Smoky Mountains has even higher NPP (Table 8 ). The even-aged regenerating forests were composed of a high proportion of fast-growing successional species which have superior geometry and vigour (Table 9) .
The woody litter greater than 2-5 cm in diameter was the largest litter compartment in the 4 and 17-year-old stands, but the 38-year-old stand had approximately equal amounts of woody litter which was greater and less than 2-5 cm diameter. In the 4 and 17-year-old stands, most of the woody litter was attributable to logging residues left from the clearfelling. In the 38-year-old stands, the logging residues had decomposed and the woody litter was dominated by black locust limbs and boles.
Leaf litter standing stock was greater in the 17-year-old stand than the other two. We cannot eliminate the possibility that the differences may be due to different wind deposition patterns rather than variable accumulation rates (Welbourn, Stone & Lassoie 1981) . However, all three stands had higher leaf litter standing crops than the uneven-aged oak forest, indicating there were real differences in leaf litter accumulation under black locust (Table 4 ). This is supported by a comparison of black locust plantations on surface-mines with mixed hardwood forests; Bartuska & Lang (1981) found that leaf litter accretion was apparently regulated by high lignin content in black locust leaves. High lignin values were found in black locust leaves by other investigators at Coweeta, and may also be a factor in leaf litter accretion in these stands (J. B. Waide, unpublished).
Nitrogen accretion
Biomass accumulation was the predominant fate of fixed nitrogen in this plant-litter-soil system, as illustrated by all three black locust stands (Fig. 1) . This was a function of both the high rates of growth by the successional stands, and the high nitrogen concentrations present in the plant tissues of black locust (Table 6) (Boring, Monk, & Swank 1981) . These large biomass concentrations of N were presumably the result of a symbiotic fixation, although uptake of N from the mineralization of woody litter was apparently a secondary source.
In this succession, although NO 3 concentrations were higher under black locust, patterns /of increase in total N in the forest floor and soil are not immediately clear. Accretion trends of total N along the age sequence (Fig. 1) indicates there may be a net decrease of forest floor and soil N in older black locust stands, with high N uptake and storage in biomass. However, the apparent decrease in total forest floor and soil N may be the result of long-term patterns of nutrient reallocation to biomass following clearfelling.
The soil N concentration in the 38-year-old stand was shown to be significantly higher than the soil N immediately adjacent to the stand which had mixed hardwood species cover. There were no such increases for the two younger black locust stands. These findings are supported by previous studies of soil under black locust (Auten 1945; Ike & Stone 1958) where no significant additions to soil N were found under young vigorous black locust stands. Auten (1945) suspected biomass accretion to be a major fate of fixed N but took no measurements. Ike & Stone (1958) reported an average annual soil accretion of 35 kg ha" 1 in a 20-year-old black locust plantation, but failed to find increases in younger stands. These early studies did not address the wide variation in vigour among 10-40-year-old black locust stands. It is likely that the increases in soil N are dependent upon the onset of stand senescence, with older stands contributing considerable N to the forest floor as insect frass, and decomposing wood, roots and nodules. This would explain why different-aged stands illustrate seemingly contradictory patterns of soil N accumulation.
Results for the uneven-aged forest in Table 4 and Fig. 1 is shown to illustrate biomass and N distribution in typical, uneven-aged mixed oak forests before clearfelling. However, it does not represent an old-growth or steady-state forest toward which the black locust stands might eventually approach in biomass and N concentrations during later succession. The Appalachian hardwood forest had felling and chestnut blight disturbances 50-60 years ago which have undoubtedly resulted in undetermined losses of N. With sufficient time, forest regeneration should eventually result in hardwood stands dominated by Carya spp., Liriodendron tulipifera and Quercus spp., with above-ground biomass of approximately 400-500 t ha" 1 (Table 8) . One may thus hypothesize that nitrogen storage in the ecosystem should stay high and remain relatively constant beyond the successional development represented by this chronosequence.
Nitrogen fixation
Net nitrogen accretion rates of 48 kg ha~' year" 1 , 75 kg ha" 1 year" 1 and 33 kg ha~' year" 1 in 4, 17 and 38-year-old, respectively, black locust stands should be regarded as approximate estimates of nitrogen fixation, with the following qualifications. Since these estimates are averages for the age of the stand they do not reveal the minimum and maximum rates. As a result the maximum rate likely exceeded 75 kg ha" 1 year" 1 in the 17-year-old stands, and the minimum was probably less than 33 kg ha" 1 year" 1 in the 38-year-old stands. Unquantified sources of nitrogen loss from these stands include wood removal, leaching of NO 3 from the soil, and possibly denitrification. Non-symbiotic fixation and atmospheric inputs contributed relatively smaller quantities of nitrogen.
In a study of nitrogen fixation by 4-year-old black locust stands (Boring & Swank 1984) , an estimated rate of 30 kg ha" 1 year" 1 was compared with other sources of biological nitrogen fixation in both clearcut and uneven-aged oak forest stands (Todd, Meyer & c Todd, unpublished) . Atmospheric inputs and soil and litter non-symbiotic fixation account for 8-8 kg ha" 1 year" 1 and 11 kg ha" 1 year" 1 , respectively (Swank & Waide 1979) . In the southern Appalachian forests, non-symbiotic fixation by soil bacteria may be relatively high in comparison to other ecosystems, but symbiotic fixation by black locust is a greater and more sustained input of nitrogen during early and intermediate succession. In successional stages beyond the time sequence of this study, one may assume low rates to approximate the sum of fixation by lichens (2 kg ha~' year" 1 ) and forest floor non-symbiotic bacteria (maximum potential rate of 13 kg ha" 1 year" 1 ) (Todd, Meyer & Waide 1978) .
The range of nitrogen accretion by black locust is similar to rates documented for other symbiotic nitrogen-fixing species (Table 10) . A perennial leguminous tree, Lupinus arboreus, was found to accumulate 98 kg N ha" 1 year" 1 in plantations on New Zealand sand dunes (Gadgil 1971) . A general range for actinorhizal nitrogen-fixing plants is 40-100 kg N ha" 1 year"
1 . However, on moist, fertile sites Alnus rubra may increase fixation to 300 kg ha" 1 year" 1 at stand maturity (about 20 years old), and subsequently decline as the stand ages and decreases in density (Tarrant et al. 1969) .
Implications for nutrient cycling
Although previous studies of primary succession have clearly documented patterns of nitrogen fixation, there is less definitive formation on patterns of fixation during secondary succession. These data for black locust support the hypothesis that nitrogen fixation increases rapidly to peak in early to intermediate secondary succession, and then slowly declines (Stevens & Walker 1970; Becker & Crockett 1976; Gorham, Vitousek & Reiners 1979) . The corollary hypothesis, that successional nitrogen-fixing species are more important in ecosystems with a high fire frequency (Gorham, Vitousek & Reiners 1979) , is more tentative, however. Although fire may have been a more frequent force in the southern Appalachians in the past, the hypothesis is not supported by the dominance of black locust following clearfelling, and its large investment of energy in nitrogen fixation.
The role of nitrogen fixation by black locust in early forest succession may be more complex than simply increasing the nitrogen accretion rates, and potentially the nitrogen availability; it may affect litter decomposition and the mineralization rates of other nutrients. The C: N ratio of black locust leaf litter is lower than other hardwood litter (Cotrufo 1977; J. B. Waide, unpublished) , and root and nodule tissues have relatively high concentrations of N. If this results in the rapid decomposition rates described by Auten (1945) , nutrient cycling rates could also be accelerated, as documented in nitrogen-fixing Alnus rubra stands (Turner, Cole & Gessel 1976) . Perhaps even more importantly, high rates of canopy arthropod consumption may result in increased nitrogen flux in throughfall and insect frass. This may have a fertilization effect upon the forest floor, and accelerate decomposition (Schowalter, Webb & Crossley 1981; Seastedt, Crossley & Hargrove 1983) . Increased rates of decomposition in the litter could increase the mineralization and availability of other elements, consequently benefiting the black locust which requires large amounts of these nutrients to maintain its rapid growth.
